[2+2] and [4+2] cycloaddition reactions of 1,3-cyclohexadiene on the Si(001) surface were studied. It is shown that not only the [4+2] cycloaddition reaction but also the [2+2] cycloadditions can occur on the Si(001) surface. Surface isomerization reactions connecting [4+2] and [2+2] are very unlikely due to a high energy barrier, implying that the surface reactions are kinetically controlled. Therefore the final surface reaction products are determined during the initial stage of the reactions in contrast with earlier assumptions that the "product distribution is thermodynamically determined". Our interpretations are consistent with the new experimental results by the Hamers group. According to our CASSCF(6,6) calculations, the nonsymmetric π-complex transition states along the [2+2] cycloaddition mechanism, which has been suggested by many theoretical studies, seem to be an artifact. Nevertheless, the very soft Si dimer buckling motion of the Si (001) 2+2] are very unlikely due to a high energy barrier, implying that the surface reactions are kinetically controlled. Therefore the final surface reaction products are determined during the initial stage of the reactions in contrast with earlier assumptions that the "product distribution is thermodynamically determined". Our interpretations are consistent with the new experimental results by the Hamers group. According to our CASSCF(6,6) calculations, the nonsymmetric π-complex transition states along the [2+2] cycloaddition mechanism, which has been suggested by many theoretical studies, seem to be an artifact. Nevertheless, the very soft Si dimer buckling motion of the Si(001) surface certainly facilitates the [2+2] reaction.
Introduction
Surfaces of solid state materials are chemically active due to the existence of under-coordinated atoms. An active surface is likely to undergo relaxation and reconstruction to be stabilized. However, such processes are hindered by the latent structural resistance of subsurface layers. Consequently, the chemistry on the surface is determined not only by the atoms of the surface but by their subsurface layers as well.
Over the past three decades, chemical reactions on silicon surfaces have been intensely studied because of their technological importance. 1 Of particular interest for device fabrication is the Si(001) surface, formed when bulk Si is cleaved perpendicular to the(001) lattice direction. On the native Si-(001) surface, each Si atom has two dangling bonds, so it is energetically favorable for adjacent Si atoms to form dimers. These dimer bonds have been described by a σ bond and a weak π bond. 2 Redondo and Goddard 3 have shown these are more correctly viewed as a singlet diradical, an important distinction, since the latter require a multireference wave function for an adequate description. More recently, Paulus 4,5 has examined silicon clusters of varying size and confirmed the notion that multireference wave functions are necessary for a proper description of surface dimers. Both symmetric and buckled dimers are experimentally observed and theoretically predicted on the Si(001) surface. 6 However, recent extensive theoretical studies 4 showed that the symmetric dimer is the minimum. A lesson from previous experimental and theoretical studies may be the forces that distinguish between the buckled and unbuckled structures are very subtle. Consequently, whether they are buckled or not, their contributions to the potential energy surface seem to be relatively small, whereas their impact on reactivity may be quite large.
Indeed, such rather nonrigid chemical bonds are manifested by their high reactivity. The direct addition of a single C-C π bond to the Si dimer on the Si(001) surface seems to constitute a 2 s +2 s cycloaddition, which is orbital symmetry forbidden. 7 However, it has been known that unsaturated hydrocarbons 8 such as acetylene, ethylene, and propylene can readily react with the Si(001) surface. In contrast, analogous [2+2] reactions of disilenes have been found to be extremely slow. 9 In the case of acetylene on the Si(001) surface, Liu and Hoffmann 6e have suggested a nonconcerted reaction composed of a π-complex precursor and a biradical intermediate.
On the other hand, the well-known [4+2] or "Diels-Alder" cycloaddition can also occur at the Si (001) case of the adsorption of 1,3-cyclohexadiene on the Si(001) surface, Konecny and Doren 10 predicted that the [4+2] product is more stable than the [2+2] product by 15.2 kcal/mol. They also showed that the predicted vibrational spectra of the DielsAlder products of the 1,3-butadiene and 2,3-dimethyl-1,3-butadiene are consistent with the observed spectra 11 and cycloaddition reactions of 1,3-cyclohexadiene and 2,3-dimethyl-1,3-butadiene on the Si(001) surface. They concluded that "the formation of multiple products and the lack of temperature effects indicate that the product distribution is controlled primarily by the kinetics of the adsorption process, not by the thermodynamics".
The primary issue is whether the final products are determined by the initial stage of reactions, or if the initial products are subject to subsequent surface reactions. More importantly, one must determine whether the [4+2] product is exclusively formed, since this ultimately bears on the chemical selectivity of the Si(001)-(2×1) surface toward conjugated diene systems.
To resolve the current apparent inconsistencies involving experiment and theory and to better understand the cycloaddition reactions of 1,3-cyclohexadiene on the Si(001) surface, we have performed full potential energy searches along the possible reaction paths. Recently, a new method, SIMOMM (Surface Integrated Molecular Orbital/Molecular Mechanics), has been proposed 13 for the study of surfaces. As a test, a comparison between SIMOMM and full quantum mechanical results has also been made, to show that SIMOMM is a viable method that can significantly reduce computational cost while maintaining the quality of the results.
Computational Details
Two basis sets were used. The smaller basis set consists of the HayWadt 14 effective core potential for the core electrons and a doubleplus polarization (3s3p1d/2s2p1d) basis for the valence electrons of Si atom. For the C and H atoms, the 3-21G standard basis set was used. This basis set is referred to as HW(d). The all electron basis set, DZV-(d), consists of the Dunning/Hay 15 double-valence basis set augmented with a set of polarization functions. The reaction paths were determined by first optimizing the geometries of the mimima and transition states. Then, each stationary point was characterized by computing and diagonalizing the Hessian matrix (matrix of energy second derivatives). To follow the minimum energy path, the intrinsic reaction coordinate (IRC), Gonzalez-Schlegel second-order method 16 was used with a step size of 0.3 amu 1/2 bohr. The restricted Hartree-Fock (RHF) level of theory was used for the ground-state structures, the transition states, and potential energy surface, followed by single-point computations with Møller-Plesset second-order perturbation theory (MP2).
Konecny and Doren 10 studied the products of this cycloaddition reaction using density functional theory (DFT). This seems to be appropriate for the study of the final products, since the products are largely single configurational. However, various points on the reaction paths, particularly transition states and intermediates, are inherently multiconfigurational. Therefore, methods based on the multiconfiguration wave function with the second-order energy corrections are essential for consistent analyses of these paths. Therefore, a six-orbitals and six-electrons active space wave function, CASSCF(6,6) (complete active space SCF), 17,18b was used to reoptimize structures of several important points along the reaction paths. The selected orbitals for the active space are discussed below. To recover the dynamical electron correlation, multireference second-order perturbation theory was used, since the level of accuracy for such methods is at least comparable to that of MP2 when single reference methods are appropriate. 18 The particular version of this method used in the present work, referred to as MCQDPT2 (multi-configurational quasi-degenerate second-order perturbation theory), 19 was used at the CASSCF(6,6) optimized geometries. The GAMESS (general atomic and molecular electronic structure system) 20 program was used for all of the computations.
The differences between various QM/MM approaches arise in how the QM and MM portions of the model are linked. In IMOMM (Integrated Molecular Orbital/Molecular Mechanics), 21 the lengths of the connecting bonds remain fixed at user selected values. However, this linking scheme causes some problems when used for surface models. For surface models, the high degree of connectivity in a lattice means there will be a large number of links between the QM and MM regions, which results in the imposition of a large number of userdefined constraints. To correct this, SIMOMM removes the fixed geometric parameters during geometry optimization. MM3 22 parameters were used for the molecular mechanics optimization part of the computations.
Two different SIMOMM models were designed: one composed of a C6Si6H20 quantum region embedded in a C6Si9H20 cluster, and one composed of a C6Si10H24 quantum region embedded in a C6Si63H57 cluster. These are referred to as the smaller and larger SIMOMM models, respectively. All of the computations were done without imposing symmetry unless otherwise specified.
The GVB-PP(1) 23 (generalized valence bond with one correlated pair of orbitals responsible for the bonding and antibonding of the diradical) level of theory, the simplest correct model for a singlet diradical, was used when the systems have a bare Si dimer.
Results and Discussions
A. Surface Reaction Products. Two different types (1 and 2 in Chart 1) of [2+2] product resulting from adsorption of (10) 1,3-cyclohexadiene on the Si(001)-(2×1) surface are found, depending on the conformation of the two sp 3 carbons of 1,3-cyclohexadiene. The atoms colored in purple were treated quantum mechanically in the SIMOMM scheme and the others by molecular mechanics. Full quantum mechanical results simply include all of the atoms in the ab initio computations. Table 1 summarizes the relative stabilities of 1 and 2 as compared to [4+2] product, 3. The relative energies of 1 and 2 with respect to 3 calculated with the SIMOMM:RHF/HW(d) (C 6 Si 6 H 20 /C 6 Si 9 H 20 ) scheme are 21.7 and 21.8 kcal/mol, respectively. (Note that these SIMOMM relative energies are based on the total energies composed of QM and MM energies. 13 ) The MP2 relative energies are essentially the same, so there is little effect of correlation on the overall reaction energy. The larger basis set, DZV(d), yields similar results. Most importantly, the SIMOMM scheme reproduces the results of full quantum mechanical methods quantitatively. Our results are consistent with an earlier theoretical study 10 and predict that the [4+2] product is thermodynamically more stable than the [2+2] products.
As indicated by two-headed arrows in 4 and 5, because of their close distance, some interactions seem to be possible between the indicated hydrogen and one of the dimerized first neighbor silicon atoms of the surface. Larger SIMOMM clusters (C 6 Si 10 H 24 QM region embedded in the C 6 Si 63 H 57 cluster, 4, 5, and 6) were designed to study this potential effect on the relative stabilities of reactants and products. Since there is a bare Si dimer in the larger SIMOMM clusters, the GVB-PP(1)/HW(d) followed by MCQDPT2 method was used to correctly model the electronic structures and the results are presented in Table  1 . However, the trend as computed with the larger SIMOMM clusters is nearly the same as other smaller cluster results showing that the first neighbor Si dimer does not interact much with the adsorbate.
Some selected geometric parameters optimized with SI-MOMM and full QM methods are collected in Table 2 . Comparison of the SIMOMM results with the corresponding full QM results illustrates differences in bond lengths on the order of 0.001 Å. This again shows that SIMOMM reproduces full QM results extremely well regardless of the basis set used. The effect of the first neighbor Si dimer on the geometric parameters is small as shown in the results for the larger SIMOMM cluster models. Since the DZV(d) basis set and larger SIMOMM cluster have only a small effect on the quantitative results, the HW(d) basis set and smaller SIMOMM cluster were used for the rest of the calculations discussed below.
B.
[2+2] Cycloaddition Mechanism. Although the [4+2] product is thermodynamically more stable by about 20 kcal/ mol as compared to the [2+2] products, it is still possible that kinetic factors might change the relative abundance of the final products. The [2 s +2 s ] reaction is apparently symmetry-forbidden according to the Woodward-Hoffmann rules; however, the reaction might proceed via a nonsymmetric pathway. At the RHF/HW(d) level of theory, we have located three transition states (7, 9, and 10 in Chart 1) and one intermediate structure (8) along the nonsymmetric reaction path leading to the [2+2] product (see Table 3 ). 7 may be thought of as a π-complex transition state. The asymmetric structure of the surface Si dimer in 7, where one of the Si atoms of the Si dimer is buckled-up and the other down, will lead to a gradient in the electron density, which Liu and Hoffmann 6d interpreted in terms of a nucleophilic "buckled-up" Si and electrophilic "buckled-down" Si. Hovis et al. 12 also reported this π-complex. The activation barrier was estimated to be 0.3 and 0.5 kcal/mol 24 using RHF/ HW(d) and MP2//RHF/HW(d), respectively (see Table 3 ). These results show that the reaction path is so flat that the 1,3-cyclohexadiene virtually feels no barrier along this approach to the surface (see Figure 1) . The Si-C distances in the π complex 8 are 2.54 and 2.66 Å, slightly reduced from their corresponding distances in 7. Due to the very flat potential, our SIMOMM model could not find the π-complex 8 nor its transition state 7.
To assess the validity of the predicted π complex, a CASSCF-(6,6) wave function was used to re-optimize the structure of 8. The active space used for this calculation consisted of the four π and π* orbitals of the diene and the analogous π orbitals of the silicon dimer. The result of this CASSCF re-optimization of the geometry is that the π complex disappears. So, the proposed π-complex intermediate is an artifact of using a singleconfigurational wave function. Nonetheless, as Sheomaker et al. have shown, the very flat potential energy surface along the (24) The activation barrier was estimated with respect to the lowest energy point of the left-hand side IRC (Intrinsic reaction coordinate) of 10 (see Figure 1) . buckling motion (about 200 cm -1 ) 5 clearly facilitates the initial attack of adsorbate to the Si dimer.
A transition state, 9 connecting reactants and [2+2] product, was located with a barrier of about 8 kcal/mol at both the RHF and SIMOMM:RHF levels of theory (see Table 3 ). This barrier is reduced to 5.9-7.0 kcal/mol with MP2 corrections. The SIMOMM optimized Si-C distances in 9 are 3.00 and 2.08 Å. The corresponding full QM values are 3.00 and 2.07 Å, showing that SIMOMM reproduces not only the relative energies, but also the transition state geometries predicted by the full QM results. A similar transition state was located with CASSCF-(6,6)/HW(d) followed by a single-point energy correction at the MCQDPT2 level. The CASSCF orbitals included in the active space were the remaining two π orbitals (π and π*) of the diene and the bonding and antibonding C 3 -Si 2 σ-orbitals and the weak C 4 -Si 1 bond and antibond orbitals. These orbitals are presented in Figure 2 along with the natural orbital occupation numbers of each orbital. The bond length of the weak C 4 -Si 1 bond is calculated to be 3.64 Å, considerably longer than the RHF values. Since the occupation numbers of these C 4 -Si 1 bonding and antibonding orbitals are 1.07 and 0.93, as shown in Figure  2 , the system is a diradical. Therefore, a single configuration is not adequate, yielding a bond that is much too short. The estimated barriers at 9 relative to reactants are 7.7 (4.6, zeropoint energy corrected value) and 8.4 (5.3) kcal/mol at the CASSCF(6,6) and MCQDPT2//CASSCF(6,6) levels of theory, respectively. All calculations consistently predict the barrier to be a relatively small 4-8 kcal/mol.
Since cyclohexadiene is not symmeric with respect to the two Si atoms of the dimer due to the location of the double bonds of cyclohexadiene, another transition state 10 is possible, which is different from 9. The existence of the transition state 10 illustrates the existence of an alternative reaction path (lefthand side of Figure 1 ). Unlike the right-hand side path, the π-complex TS and intermediate were not found even with the RHF method. This may be due to steric hindrance between the hydrogens of sp 3 carbons of cyclohexadiene and the surface.
The barrier for 10 relative to reactants is calculated to be 5.6-6.8 kcal/mol with RHF/HW(d) and MP2//RHF/HW(d), respectively, nearly the same as those of TS 9.
Potential energy surface scans along the [2+2] cycloaddition reaction surface clearly reveal that there are low-energy paths along nonsymmetric pathways indicating the possibility of having [2+2] cycloaddition products of 1,3-cyclohexadiene on the Si(001) surface. Whether there is a π-complex TS, 7, or not, the buckling of the Si dimer seems to reduce the initial reaction barrier of the nonsymmetric [2+2] cycloaddition reaction in a quite nonconcerted fashion. It is encouraging to see that SIMOMM well reproduces most of the important full QM results even for the transition states. Therefore, only the SIMOMM method was used for the study reported in the next section.
C. 10 the final product will be determined by thermodynamics. If this is the case, one would expect to observe only [4+2] products on the surface. We have located two transition states with SIMOMM:RHF as well as SIMOMM:CASSCF(6,6), 11 and 12, along the isomerization reaction path connecting 2 and 3. The energetics are given in Table 4 . TS 11, which has an eclipsed conformation between the two sp 3 carbons of 1,3-cyclohexadiene, connects the two [2+2] products, 1 and 2 (see Figure 3) . The SIMOMM reaction barrier is ∼9.0 kcal/mol for both RHF and MCSCF wave functions. The MP2 energy correction does not change the height of the barrier. This barrier appears to be small enough to permit isomerization between the two [2+2] products at moderate temperatures. TS 12, in which one of the Si-C bonds of the [2+2] product is being broken and that of the [4+2] product is being formed, connects the [2+2] product, 1, and [4+2] product, 3. The barriers for this reaction are 56.5 and 53.7 kcal/mol using SIMOMM:RHF and SIMOMM:CASSCF-(6,6), respectively. The single-point MP2 and MCQDPT2 corrections reduce these barriers to 43.9 and 42.2 kcal/mol, respectively. However, the barrier is still significant enough to prevent the surface isomerzation reaction between 1 and 3. Hamers and co-workers 12 reported that surface annealing does not lead to isomerization to the [4+2] product but instead leads to desorption. Our theoretical results are consistent with their observations. D.
[4+2] Cycloaddition Mechanism. Since the ordinary [4+2] cycloaddition reaction is symmetry-allowed, it is expected that there is a small or zero reaction barrier to [4+2] product, 3, even along a symmetric reaction pathway. A third-order saddle point, 13, was located along the symmetric path at the RHF/HW(d) and CASSCF(6,6)/HW(d) levels of theory with barriers of 8.9 and 11.2 kcal/mol, respectively. The single-point energy corrections of the barriers at MP2 and MCQDPT2 give The reference energies were estimated with respect to the lowest energy point of the left-hand side IRC of 10 (see Figure 1) . b Since MCQDPT is not size-consistent, the reference energies were estimated by performing a cluster calculation where the reactants are separated by 20 Å. c Numbers in parentheses are zero-point energy corrected values. 
